The major concerns with Lithium-ion batteries failures are temperature rise and temperature non-uniformity during adverse operating conditions like fast charging/discharging and extreme ambient conditions (extreme hot/cold weather). These problems lead to safety issues like thermal runaway of the battery pack. To negate these issues and to ensure better performance of the battery pack, battery thermal management system (BTMS) is adopted in EVs. The prominent BTMSs are air-based BTMS, liquid-based BTMS and phase change based BTMS. This paper collates various thermal management issues and numerous cooling methods developed to mitigate these problems and throws light on some of the research gaps on recovery and utilization of low-grade heat generated in the battery pack. Keywords: Electric vehicles; Lithium-ion battery pack; Temperature rise; Temperature nonuniformity; Air cooling based battery thermal management systems; Liquid cooling based battery thermal management systems; Phase change cooling based battery thermal management systems Accepted Article
Introduction
Lithium-ion batteries are secondary batteries which are widely used in electric vehicles (EVs), mobile phones, electric watches etc. They stand out from other batteries due to high energy density, low self-discharge, high output voltage and good stability [1] . They are available in various compositions (Table 1) [2] and shapes like cylindrical, prismatic, pouch and coin. Cylindrical, prismatic and pouch type Li-ion cells are generally used in batterypowered EVs. The electrochemical reactions of a Li-ion cell during the charging/discharging of the battery as shown in equation 1 [3] are due to the lithium intercalation reaction and is depicted in 
The major concern with the Lithium-ion batteries is that during charging/discharging process, the battery produces lots of heat, which causes an increase of battery pack temperature, especially in the cases of higher operating current conditions [4] . Heat originates from the electrochemical reactions, mixing and the phase change [5] occurring in the lithium-ion cell.
Heat is also generated due to the Joule's heating effect. The battery pack used in EVs comprises of battery modules and each module consists of a large number of cells/batteries connected in series and parallel, which are installed in a confined space. The heat generated due to internal resistance and electrochemical reactions inside cells at high discharge rate cannot be dissipated to the ambient promptly by self and is accumulated in the modules, resulting in a shoot up of batteries temperature and thermal instability across the module [6] and it is the same scenario at high charging rate. If the temperature of battery rises then the degradation rate of battery increases exponentially [7] [8] , battery life decreases [9] and could result in Accepted Article thermal runaway [10] . Hence, cooling of batteries is essential to maintain the batteries in a specific temperature range which is presented in the Fig.2 .
The other problem is the uneven temperature distribution across the battery pack [10] [11] which is due to the manufacturer's defect and non-uniformity of the cell. The uneven temperature distribution reduces cycle life significantly [13] . Ambient conditions play a crucial role in the performance of batteries. Table 2 briefs the scenario at low and high operating conditions.
To mitigate the thermal issues in BPs used in EVs various internal cooling techniques like electrolyte modification, optimal design of electrode etc. have been developed. Apart from the optimal design of electrode inside the cell to minimize the heat generation [13] [14] a thermal management system outside the battery package is required to prevent the rapid increase of cell's temperature by removing the heat generated during charge and discharge processes opportunely. Therefore, a battery thermal management system is indispensable to mitigate the aforementioned problems.
To deal with the thermal issues has been the foremost concern when developing a BTMS and therefore, the utility of the waste heat removed from the battery pack has been completely overlooked. Apart from PCM based cooling systems, where the latent heat stored could be used to heat the battery during cold ambient conditions, only a few studies [15] [16] have focussed on the utilization of heat removed from the batteries.
This paper collates various thermal issues associated with Li-ion battery packs and different thermal management techniques adopted to counter these problems. Some of the critical research gaps like waste heat recovery and utilization have been emphasized by the researchers. This paper has been focussed mainly on the cooling methodologies and working of BTMS. Furthermore, towards to the end of the review a section has been incorporated on Accepted Article battery heating and its consequences.
Battery Thermal Management System (BTMS)
BTMS embraces software, hardware and other paraphernalia. To enhance efficiency without compromising on reliability, a cyber-physical perspective of battery management is inevitable [18] . The prime objective of BTMS is to maintain the temperature of battery cells in a pack at an optimal range [19] by sustaining the temperature gradient within a relatively narrow range [20] . It helps to augment the battery life while ensuring the safety and the consistency of the battery pack [21] . interface [22] .
The prominent BTMSs adopted in EVs are air-based BTMS, liquid-based BTMS and phase change-based BTMS. These systems can be integrated to get a hybrid system.
Air cooling based BTMS
Air based cooling techniques are one of the most commonly employed batteries cooling approach and widely used in electronics and vehicles due to its low cost and simple set up [23] .
Fan et al. [24] examined the effects of gap spacing and airflow rate for an air-cooled lithiumion battery module and found that temperature rise can be lowered by reducing gap spacing between the neighbouring cells and the temperature uniformity can be improved by increasing the flow rate with moderate spacing. Park [25] employed tapered manifold and pressure release ventilation in a forced-air cooling system to enhance the cooling performance of the system without changing the design layout. Xun et al. [26] developed a This article is protected by copyright. All rights reserved.
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multi-dimensional numerical model and an analytical model for air-cooled flat plate and cylindrical lithium-ion battery packs and showed that a better cooling performance and more evenly distributed temperature pattern are achieved by the counter-flow arrangement of the cooling channel or by frequently changing the flow direction in the counter flow arrangement. Yu et al. [11] designed an air-flow integrated thermal management system consisting of two independent air duct channels. One channel is to cool the batteries and the other one is to minimize the heat accumulations in the middle of the battery pack through jet cooling. Simulation and experimental results indicated that the maximum temperature reduced to 33.1℃ compared to 42.3℃ with traditional cooling method and the temperature uniformity of the battery pack improved significantly. Yang et al. [27] developed pseudo-2D model of the lithium-ion battery and studied the effects of the radial interval between the cells and the air flux on the thermal performance of the axial flow air cooling system. The results
show that increasing the radial interval leads to a slight temperature rise but benefits to the temperature uniformity of the battery pack. Saw et al. [28] performed experimental and numerical studies on a forced-air cooling system to be employed in EVs. The results showed that on increasing the airflow rate, the heat transfer coefficient and the pressure drop increased. Xie et al. [29] studied the influences of the air-inlet angle, the air-outlet angle and the width of the airflow channels on the thermal performance of the forced air cooling system. Figure 4 shows the simulation model used in this study. Chen et al. [30] studied the impact of the operating parameters and the structural parameters on the cooling performance of the BTMS. It was concluded that the performance of the BTMS can be improved through arranging the flow pattern of the system where changing the angles of the plenums is one of the most effective approaches to reduce the temperature rise and the temperature nonuniformity of the BP without increase in the power consumption and the volume of the BTMS. Lu et al. [31] developed a three-dimensional model of a battery pack consisting of cells in a staggered arrangement and observed that when the air inlet and the outlet are situated at the top of the battery pack and an arrangement of more batteries along flow direction yielded best thermal performance. Liu and Zhang [32] performed a surrogate based optimization on a J type air-based BTMS which can perform as either U or Z type systems by controlling the outlet valves and showed that uneven sizing of channels and a tapered configuration of manifold enhanced the thermal performance in J type configuration.
Mohammadian and Zhang [33] examined the effects of partially utilizing metal (aluminium foam) and non-metal (ceramic foam) materials in an air-cooled Li-ion battery module and revealed that this combination achieved a high temperature reduction and a high temperature uniformity. In another study [34] it was shown that a synergy of aluminium pin fins and porous aluminium foam fully inserted in the flow channel provided a betterment in both temperature reduction and temperature uniformity of the cells.
Sefidan et al. [35] devised a hybrid cooling strategy wherein a cylindrical Li-ion cell is submerged in a thin cylindrical tank containing water-aluminium oxide nanofluid. Forced airflow is exercised to remove heat dissipated by the battery during the discharge process.
Wei and Agelin-Chaab [36] proposed a hybrid cooling design based on air cooling duct which is assisted by water evaporation through convection to enhance the heat dissipation from the battery. A series of hydrophilic fibre channels containing a water coolant is exposed to a forced-air coolant to extract the latent heat from the battery. The experimental results revealed that the hybrid cooling system was able to decrease the maximum average surface temperature of the batteries by 73.5% and the temperature non-uniformity by 85.7 % compared to the no cooling case.
Wang et al. [37] experimentally studied the active control of the thermal management of the prismatic Li-ion battery pack. The results indicated that a simple on-off control strategy can effectively reduce the parasitic power consumption.
Various optimization strategies like Multi-Objective Particle Swarm Optimization (MOPSO) [38] , surrogate-based Multidisciplinary Design Optimization [39] have been adopted to obtain optimal design of battery pack in order to enhance its thermal performance.
Liquid cooling based BTMS
Air cooling systems have performed efficiently in thermal management of battery packs operating at low charging/discharging rates and nominal ambient conditions. However, at higher operating conditions like high charging/discharging, high ambient temperature etc air cooling systems were unable to maintain the battery within the desired operating temperature range [40] . Compared to the air cooling system liquid cooling system offers better cooling performance for a similar parasitic load [41] . It is known that for a given mass flow rate, the volumetric flow rate and average heat transfer coefficient of water are far better than air.
Liquid systems have fascinated researchers owing to its effective cooling performance compared to air cooling systems, however, the complexity of the system and coolant leakage issue has to be considered [42] .
Liquid BTMSs can be modelled in two different ways, firstly as direct cooling systems [42] [43] wherein the battery module is immersed in a dielectric fluid and secondly as indirect cooling systems [44] [45] where fluid is separated from the battery through the jacket/discrete tubes/cold plates adjacent to the battery module, where the heat removed from the batteries is transferred to the working fluid by conduction and convection/flow boiling.
Various researchers have worked on the design of channel layout of the liquid cooling systems and have identified that liquid cooling when compared to air cooling and PCM cooling, can provide more effective heat transfer with different channel layouts [46] [47]. Huo et al. [48] designed a mini-channel cold-plate based BTMS and showed that the maximum temperature of the battery decreased with the increase of channels and the inlet mass flow rate. Qian et al. [49] designed a 3D numerical model of a mini-channel cold plate and revealed that cooling efficiency increased with the increase in channels up to a limit of five channels and, the temperature rise and the temperature non uniformity of BP were reduced on increasing the mass flow rate but at the expense of energy consumption.
To enhance the safety of the liquid cooling based BTMS in EVs when adopting flammable coolants like Dexcool it is mandatory to avoid direct contact between the battery and the coolant. Basu et al. [50] developed a channel cooling strategy as shown in Fig. 5 using highly conductive conduction elements which acts as a separator between the battery and the coolant. This method was effectual in curbing the non-uniformity of the pack. Adhering to these methods could cut down the number of sensors and the control system complexity of the BTMS.
Rao et al. [51] conducted numerical studies on a liquid based thermal management for cylindrical Li-ion battery module with a variable contact surface and found that the temperature uniformity of the module enhanced compared to a constant contact surface.
It is to be noted that, compared to single-phase convection heat transfer, flow boiling heat transfer has a higher heat transfer coefficient and, ensures lower temperature rise in the cells [52] . Hirano et al. [43] adopted the boiling technique in the BTMS and found that the maximum temperature of the battery pack was been able to be maintained around 35℃ even at discharge rate of 20 C. Saw et al. [53] conducted experimental and numerical studies on a mist cooling based thermal management for a battery pack and revealed that mist cooling can provide a lower maximum temperature and a lower temperature non-uniformity compared to a dry-air cooling system.
Al-Zareer et al. [16] [17] proposed a liquid ammonia [16] and liquid propane [17] based thermal management systems for Hybrid Electric Vehicles (HEVs) wherein the batteries are partially submerged in a liquid ammonia/propane pool. The pool boils through the heat dissipated from the portion of battery surface in contact with it thereby cooling the battery surface and eventually producing ammonia/propane vapour which cools the un-submerged part of the battery through forced convection. The generated vapour also passes to the vehicle's electrical generator where it is harnessed either to drive the vehicle or charge the batteries. In another study, Al-Zareer et al. [54] proposed a cold plate-based BTMS using liquid ammonia in HEVs for battery cooling as well as power generation. These systems delivered better thermal performance than air or liquid or PCM based BTMSs [55] . Other coolants used for pool boiling based BTMS include refrigerant R134 a [56] .
Wang et al. [57] proposed a combined forced internal gas and liquid (cold plate-based)
cooling system for the space batteries. The cooling system and cooling process is depicted in Nano-fluids based cooling management will achieve a lightweight and efficient cooling of batteries [58] . Tran et al. [58] proposed a cooling system using carbon nanotubes suspended in the distilled water leading to a nano-fluid environment for Li-ion batteries in space application. Chen et al. [59] compared four cooling strategies: air cooling, direct liquid cooling, indirect liquid cooling, and fin cooling for a Li-ion pouch cell. It was found that the air-cooling system has a higher parasitic load to maintain the same average temperature; a fin cooling system incurs an additional 40% weight of the cell considering the same volume for all the systems; and an indirect liquid cooling system has the lowest maximum temperature rise.
Phase change based BTMS
Liquid cooling systems have shown better thermal management compared to air cooling systems at adverse operating conditions however, the liquid cooling systems presents some disadvantages: complicated and bulky components, depleting battery energy, and difficult sustainment [60] . Besides, the leakage of coolant in the liquid cooling systems has always been a concern since it can cause a short circuit failing the cooling system eventually ending up in a misfortune. Hence there exists a necessity for a better cooling strategy in BTMSs in pursuit of weight reduction, power consumption reduction, temperature reduction and to achieve a higher temperature uniformity.
In this regard, various researchers have adopted techniques involving the phase change phenomenon. Phase change BTMSs are of two types, solid to liquid cooling and liquid to gas/vapour cooling. The former is known as Phase Change Material (PCM) based BTMS.
Heat pipe-based cooling and water evaporation strategies are considered as the latter type.
In studies related to the thermal management of electronic devices by using PCMs, it was shown that PCMs performed efficiently[60] [61] . The thermal management using PCM is based on the extremely high endothermic melting (Latent heat of fusion) of PCM over a small temperature span which reduces the temperature rise inside the cells [63] . With PCM cooling, the heat generated during the battery discharge can be stored as latent heat in the PCM and transferred back to the battery module during the relaxation and thereby maintaining the battery temperature above the ambient temperature, which can boost the overall energy efficiency of the battery system [64] .
One of the main issues with the PCMs is that it poses a low thermal conductivity. This can be eliminated by using composite phase change materials (C-PCMs). Various researchers have proven that composite PCMs like a mixture Paraffin-Expanded Graphite (PA-EG) significantly improved the thermal conductivity compared to a pure PCM, provided a better thermal performance than air and liquid based BTMS and prevented the occurrence of thermal runaway [65] - [68] . The thermal insulation potential of the battery pack is of significant importance to pre-empt the propagation of thermal runaway and the heat dissipation capability is vital for battery safety. Therefore, a good BTMS must strike a balance between both [69] . To achieve the same, Yan et al. [69] proposed a composite board based BTMS. Saw et al. [70] investigated the use of aluminium foam as a heat sink for Li-ion pouch cells. The proposed method is a promising alternative to conventional folded fin or liquid cold plate because of heat transfer enhancement, reduction in the total weight of the energy storage system and autonomy from the contact surface area. Zou et al. [71] experimentally compared the performance of Multi-Walled Carbon Nanotubes (MWCNT), graphene and MWCNT/graphene composite PCM in thermal management of Li-ion battery pack. The results showed that composite PCM exhibited good thermal conductivity and better temperature regulation of the battery pack compared to the other systems.
The previous studies on PCMs have not focussed on optimal usage of PCM resulting in the wastage of PCM and incurring additional cost and weight to the BTMS[72]- [74] . Li et al. [75] proposed an optimization method for Li-ion BTMS using composite (EG/PA) PCM to minimize its mass. Wang et al. [72] developed a BTMS using a C-PCM consisting of 5wt. % of expanded graphite and 95 wt. % of paraffin ( Fig. 7) and studied its thermal performance at different ambient conditions. It was shown that the average temperature of battery was lesser when C-PCM was used and the temperature raised with the ambient temperature ( Fig. 8) .
To improve the efficiency and safety of PCM based thermal management, PCM integrated hybrid systems are developed. Ling et al. [76] replaced RT 44HC/EG composite PCM based passive cooling with a PCM integrated active cooling system and compared the performance in both the cases. It was concluded that the passive thermal management system coupled with forced air convection has a simple structure, high efficiency and reliability. PCMs and forced air convection executes different roles in the BTMS -PCMs regulate the temperature rise and temperature uniformity in battery pack, while forced-air convection cools down the PCMs in the intervals between two discharge cycles, which recaptures the latent heat of PCMs, which otherwise is lost leading to the failure of BTMS when operating under extreme conditions in a passive cooling system [77] .
In PCM based BTMS it should be noted that once the phase change had occurred the available latent heat was drained out then the temperature regulation fails resulting in the failure of the BTMS [77] . PCM based cooling system can significantly reduce the temperature abnormalities but encapsulation and volume change during phase change restrict its application [51] . PCM systems have high thermal energy storage capacity but they have insufficient long-term thermal stability. Heat pipe-based cooling systems can be a better alternative in terms of battery thermal management, system's life and geometrical flexibility.
Heat pipes are heat exchangers that are suitable to be applied in the thermal management of Central Processing Units (CPUs) and electric vehicle batteries for their lightweight and compact size, and they do not require external power supply [78] . The heat pipe has very high thermal conductivity, sufficient long term thermal stability, flexible geometry and can maintain temperature homogeneity at the evaporator's surface [41] . Chi and Rhi [79] developed an unconventional heat pipe known as oscillating heat pipe for thermal management of Li-ion batteries used in EVs. In this type, the cooling section of the heat pipe is at the bottom and heating section at the top which enhances the ease of maintenance and the heating (Evaporator) section is around 10 times larger than the cooling (condenser) section. The major advantage of this system is that it has a flat bottom end in comparison to regularly curved ends thereby reducing the number of heat pipes which in turn reduces the complexity of the system. Optimization of the heat pipe design is imperative to get an economical, a compact and an efficient BTMS. Ye et al. [80] proposed an optimized heat pipe thermal management system to handle excessive heat generation during fast charging and other severe scenarios. Jiang and Qu [81] developed a thermal model to study the performance of a hybrid cooling system comprising of PCM and heat pipe. The heat pipe is used to recover the latent heat from the PCM to prevent failure by melting when operating for a greater number of cycles. It was found that criteria's such as the melting point of PCM, heat transfer coefficient at the condensation section and thickness ratio played a vital role in battery safety for a longer operation. Dan et al. [82] developed an equivalent resistance model of micro heat pipe array (MHPA) BTMS to study the thermal behaviour of Li-ion batteries operating at adverse conditions. MHPA provides more heat transfer area compared to the conventional cylindrical shaped heat pipes. This system has advantages of high thermal performance, lightweight and compact. The cooling of the condenser in heat pipe is done by various methods like air cooling, water cooling, fin-based heat sinks etc. Hence, the power consumption by the secondary cooling system has to be considered in the heat pipes. It is worthy of attention that phase change of water from liquid to gas invariably holds larger latent heat. Ren et al. [83] developed a novel method employing water evaporation to prevent heat accumulation on the battery pack. The thin Sodium Alginate film (SA-1 film) with a water content of 99 wt% is attached on the surface of the battery pack. It was found that under constant current charge/discharge larger than 1 C, the temperature surge rate was reduced by a half. The drying issue of the film is taken care of by incorporating a simple water automatic-refilling system. Fang et al. [84] developed a BTMS based on combining air cooling and water evaporation technique using a polyethylene fiber reinforced sodium alginate (SA) film. Air cooling system enhances the thermal performance of the system and also prevents the entry of water into the battery pack thereby eliminating the risk of the short circuiting. Table 3 shows a comparison of research outcomes of all BTMSs.
Battery heating
In low-temperature localities battery heating has been a major concern. It was found that low ambient temperature had a severe impact on battery lifetime [85] . At low temperature operating conditions power deterioration in Li-ion cell is mainly due to the development of SEI (solid electrolyte interface) and potential safety hazards are frequently due to lithium plating [3] . At low temperature ambient conditions, the batteries internal resistance increases which leads to high heat generation. Other problems include the formation of SEI film, low reaction rate, degradation of electrode and electrolyte properties ( Table 2) etc. hence, thermal management at low temperature is essential for safe and efficient operation of Li-ion battery packs used in EVs.
Fan et al. [86] studied the effects of battery heating using heat plate in the cold climate of -20℃ and indicated that by increasing the mass flow rate of hot coolant (around 45 ℃) but not exceeding 0.065 1 . kg s  , the batteries temperature attained the recommended maximum limit of 40 ℃ and, the battery discharge rate did not impact much in battery heating. Lv et al. [87] designed a PCM hybrid BTMS with forced air convection (FAC) heating or silicone plate (SP) heating, compatible to perform at both low and high-temperature working conditions. The experimental results showed that closed-ended battery design contributed to optimizing the FAC heating strategies and SP heating gave the best heating performance.
Jaguemont et al. [88] studied the accelerated ageing mechanism at low ambient temperatures which results in rapid loss of various useful content in the battery like cyclable lithium, active electrode material etc. A battery ageing model was developed to predict the electro thermal behaviour and residual capacity at low temperatures in the range of -20 ℃ to 0 ℃. Ling et al. [89] developed a PCM based heating mechanism for Li-ion batteries using a RT28 fumed silica composite PCM. The experimental studies of forty charge-discharge cycles at different discharge rates showed that cell's capacity fade was reduced by 4% and 76 % when operated at 5 ℃ and -10 ℃ respectively. However, it was seen that during longer operation time the use of PCM reduced the thermal performance of the battery as it prevented the battery from self-heating leading to loss of capacity and power. Jaguemont et al. [90] studied Li-ion battery performance in cold weather conditions. Experimental results showed that the battery performed well at 10 ℃ compared to 0 ℃ and there was a significant capacity loss at 0 ℃.
The reason is due to increased internal resistance which leads to deceleration of ionic diffusivity and ionic conductivity resulting in loss of available energy. It was seen that operating batteries at high discharge rates contributed to self-heating of batteries keeping it sufficiently warm but at the cost of battery deterioration and battery life. Ji and Wang [91] developed an electrochemical thermal coupled numerical model of Li-ion battery to study four heating strategies-self-heating, convective heating, mutual pulse heating and external heating. It was seen that convective cooling had the least battery heating time, mutual pulse heating consumed least battery capacity and external heating using AC source provided uniform heating. It was seen that for all these strategies the heating time can be brought down significantly by decreasing the output voltage of cell.
Ye et al. [92] designed a micro heat pipe array-based BTMS for the dual function of heating at low operating conditions and cooling at hot working conditions. This system showed better heating performance than the conventional heating using a heating film which is placed directly at the bottom of the batteries.
Conclusions
Lithium-ion batteries are one of the prominent electric batteries used in electric vehicles, due to high energy density, low self-discharge, high output voltage and good stability. The performance. The major concern with PCM is its low thermal conductivity. To address this issue composite PCMs which have a higher thermal conductivity than conventional PCMs are used. The other concern with PCM is the insufficient thermal stability over time. Once the phase change had occurred the BTMS fails. Therefore, heat pipes are preferred over PCMs to have better thermal stability for a longer duration of time. Apart from PCM based cooling systems, where the latent heat stored could be used to heat the battery during cold ambient conditions, only a few studies [16] [17] have focussed on the utilization of heat removed from the batteries. The future research should focus on recovery and utilization of waste heat dissipated from the batteries in order to enhance the thermal performance and efficiency of the BTMS. Some studies have implemented this ideology by employing pool boiling mechanism using liquid ammonia, liquid propane etc. in HEVs (where the coolant and fuel are the same) where the battery pack (BP) is partially immersed in the pool. The vapour generated by absorbing the heat dissipated from the portion of BP in contact cools the uncovered portion and then the superheated vapour is utilized for either power generation in IC (Internal Combustion) engine or charging batteries via a generator. The future scope lies in the prevention of failure of Li-ion BPs by selecting the appropriate thermal management technique depending upon the application and requirement of BTMS and while doing so utilizing the waste heat removed from the battery system to make the system more energy-efficient and economical. Generally, the power required for the functioning of BTMS is utilized from the batteries hence, utilization of waste heat recovered for recharging the batteries would reduce the power consumption and hence the operational costs significantly.
Similarly, the waste heat utilized to drive the vehicle would reduce the fuel consumption in case of HEVs thereby again reducing the incurred operational costs and most importantly reducing the carbon foot print. The main challenge in the direct systems would be ensuring the safety as flammable coolants like propane is in direct contact with batteries. In event of short-circuiting it may lead to an explosion but this issue could be overcome by using indirect contact systems like cold plate with embedded tubes etc.  Liquid cooling systems are preferred over air cooling systems at adverse operating conditions due to a better thermal performance for the same parasitic load.
 PCMs based cooling is mostly passive type (Does not use auxiliary components) and therefore lightweight compared to air or liquid based BTMS. Thermal control and other implications  By increasing mass flow rate, heat transfer coefficient increases, maximum temperature rise decreases and temperature nonuniformity decreases but at the cost of increase in parasitic power consumption and pressure drop thereby the  By increasing the mass flow rate or increasing the number of channels or increasing the number of cold plates the maximum temperature rises and temperature nonuniformity can be decreased but at the expense of pressure drop and parasitic power  The temperature rise and temperature nonuniformity are regulated by the PCM based systems by undergoing a slight/complete phase change. The operating temperature limit should match with melting point
